AND D. G. SHARP. Effect of particle aggregation on the survival of irradiated vaccinia virus. J. Bacteriol. 90:1138Bacteriol. 90: -1142Bacteriol. 90: . 1965.-The survival curve (plaque titer versus time) of vaccinia virus irradiated with ultraviolet light was found to be strongly dependent, in both shape and general slope, on the degree of aggregation among the virus particles. When special care was taken to produce completely dispersed virus, a straight steep line resulted. Some severely aggregated preparations produced a straight line also, but of much less slope. Thus, the straight line, often taken as evidence of complete dispersion, is not a reliable measure for vaccinia virus. None of the experimental curves resembled the classical multihit curve predicted by the Poisson function for the behavior of uniformly aggregated virus. The aggregation was observed, by electron microscopy, to be nonuniform, and of such a distribution that the survival curves can be qualitatively accounted for in terms of multiplicity reactivation of irradiated virus within cells that receive groups of two or more particles. The greatly increased survival value of aggregates of virus, which indicates multiplicity reactivation, is worthy of note.
When some of the original claims for a valuable procedure are shown to be less than universal in their area of application, there is sometimes a tendency to discredit the procedure as a whole. Often, however, the result of such findings is a wider usefulness of the procedure which comes from a better understanding of its meaning. This paper describes results with the plaque titration of vaccinia virus which we hope will have the latter effect. Dulbecco and Vogt (1955) cited two experiments as proof that the number of plaques obtained is equal to the number of infectious virus particles present. The first of these must show that the number of plaques is proportional to the quantity of virus suspension put upon the cell monolayer. The second is a demonstration of linearity between the logarithm of the plaque survival ratio and the dosage of ultraviolet rays required to produce it, particularly for small doses. Thus, it is shown, first, that all plaques must arise from either single virus particles or groups (which do not break up on dilution) and, I Present address: Department of Microbiology, University of Virginia School of Medicine, Charlottesville. second, that no groups are present; therefore, plaques arise only from single particles.
Although it is probable that plaque titrations have been made and single plaques have been cultured for purifying purposes from virus preparations that do not meet the requirements of Dulbecco and Vogt, these do not concern us here. We will describe preparations of vaccinia virus that do meet these requirements while still containing a degree of particle aggregation such that a large fraction of the plaques must arise from clumps of virus particles. A plausible explanation of this behavior is presented in terms of the contribution of two factors: (i) the peculiar nature of the aggregation among the particles, and (ii) the influence of multiplicity reactivation, with aggregated virus, even when titrated at very low average multiplicities.
MATERIALS AND METHODS
Vaccinia virus from the American Type Culture Collection (WR, mouse neurotropic strain) was grown in Earle's L cells. The media for these cells was Hanks' balanced salt solution to which 16% horse serum, Yeastolate (Difco), and antibiotics were added as previously described (Galasso and Sharp, 1962) . Sealed slant tube cultures of 106 SURVIVAL OF IRRADIATED VACCINIA VIRUS cells were inoculated with 107 virus particles (VP) and incubated for 2 to 3 days at 37 C, at which time the virus particles were released from the cells and dispersed by 9-kc sonic waves (Galasso and Sharp, 1962) . The yield from such tube cultures was 5 X 109 to 8 X 10' virus particles. Suitable quantities of such lysates were pooled and clarified of some cellular debris by low-speed centrifugation. The virus particles were washed twice by sedimentation at 10,000 X g in phosphate-buffered saline and diluted for ultraviolet irradiation and analysis of aggregation.
Irradiation of the virus was done by exposing it, in an open petri dish, to the unfiltered output of a small spherical germicidal lamp (Westinghouse Odorout), the output of which, in the effective range, is over 95% in the resonance line, 2,537 A, of mercury. The intensity of the rays incident upon the dish was 33 ,w per cm2. The depth of the virus suspension was about 1 mm. Most of the exposures were less than 3 min, and room lighting conditions were such that no photoreactivation of the virus was observed.
Aggregation analysis was made by the agar sedimentation procedure previously described for the counting of virus particles via electron microscopy (Galasso and Sharp, 1962) . Briefly, it consisted of sedimenting the virus upon agar from which it was transferred by pseudoreplica to the specimen grid for photography. Correction for the coincidence aggregation, separate particles sedimenting upon each other, was made by methods already described (Sharp and Buckingham, 1956) . Two kinds of data are presented, total particle count and the fraction of free particles. Fig. 1 . This is a very small part of the total area used for particle count and aggregation analysis. touch the agar. Electron micrographs of aggregated virus sedimented directly upon aluminumcoated collodion films reveal the same appearance, so it is not an artifact of the replication process.
The distribution of the particle population into groups of various sizes is shown in Table 1 , which reveals two particularly significant facts which will be discussed later. Although the fraction of singles is small, the number of singles is far greater than the number of pairs; pairs are more frequent than triplets, etc. Thus, the frequency of the groups decreases rapidly with increasing group size. The second item of significance is the rather large fraction of the total population that is represented by the few large groups.
During the above experiment, part of the virus was removed from the treatment dish after 2 min of irradiation, the point at which its plaque survival ratio was 10-0O91, or about 20% ( Fig. 1 Table 2) show similar results obtained with aggregated virus irradiated to about the same survival level. The first of these was sonic-treated at a survival level of 10-0°61. Its titer after SV treatment fell by the somewhat smaller, but still relatively large, factor of 500 times. The sample of preparation 3, which had 16%7 singles, was sonic-treated at a higher VP concentration (109 per milliliter) than the others. Although it is not possible to achieve such high dispersion by this means (74% singles), the concentration is high enough to facilitate rather rapid reaggregation. This revealed the interesting result that the titer measured immediately after this treatment showed a drop of 417 times, but 3 hr later it had increased by a factor of 3.5 and the percentage of single particles had decreased during this 3-hr period, from 74 to 56 (preparations 3, Table 2 ).
Previous work showed that vaccinia virus SVtreated for 3 min in our apparatus at a concentration of less than 3 X 101 VP per milliliter is completely dispersed (Galasso and Sharp, 1964) . Three different preparations of virus were so dispersed, then irradiated and titrated. After this, they were sonic-treated again with the same severity of treatment that was applied in the earlier experiments, and titration was repeated. The results at three different survival levels are shown in the last three lines of Table 2 , in which it may be seen that little or no change occurs when irradiated virus is given SV when the particles are already dispersed.
Returning to the progress of inactivation ( Fig.  1) , we measured the rate of decline in survival of completely dispersed samples of virus and found it to be much more rapid than that of the heavily aggregated virus. As before, the line was straight but the slope was much greater, giving 90% inactivation in 19 sec rather than the 130 sec required with the highly aggregated preparations. VP, aggregated to an extent intermediate between the two extremes so far described, have SURVIVTAL OF IRRADIATED VACCINIA VTIRUS Sharp, 1964; Sharp, 1965) . Dispersal of aggregates by means of SV resulted in an increase in the titer of fresh virus preparations, the magnitude of which could be calculated from the observed aggregation data.
The present experiments are based upon an extension of the above work and upon our results (Galasso and Sharp, 1963) and those of Abel (1962) , which have shown that multiplicity reactivation occurs with vaccinia virus in L cells and that it is present in aggregated virus preparations. The persistence of plaque-forming units (PFU) under irradiation (top curve, Fig. 1 ) can be explained in part by the need for multiple hits for inactivation of aggregates, but this is a very insignificant part of the effect observed. The large drops in PFU with subsequent dispersal of the irradiated particles shows that, as individuals, they are mostly incapable of plaque formation. Similarly treated dispersed virus shows that the trauma of SV does not destroy any PFU. It merely prevents most of the multiple infection of cells that would otherwise take place.
Three points of interest are notable. (i) Multiplicity reactivation is a major factor in determining the PFU titer of the irradiated, aggregated virus, even when the cells of the monolayer may receive an average of far less than one irradiated VP. (ii) It is possible to obtain a straight-line relationship between log survival and dosage even though there is a large amount of aggregation present. (iii) It should be possible, by analyzing considerably more data of this kind, to arrive at an estimate of the number of critical break-points in the deoxyribonucleic acid (DNA), an estimate quite independent of the one made by Luria and Dulbecco (1949) , and discussed at length by Dulbecco (1952) and later by Barricelli (1955 LIT'ERATURE CITrED ABEL, P. 1962. ulItiplicity reactivationi aInd marker resceue withl vacciniia virtus. Virology
